The ability of keratinocyte growth factor 1 to modulate apoptosis in the absence of proliferation was studied in vitro. A HaCaT scrape wound model was developed in which dense monolayers prior to wounding were cultured to quiescence in defined media with hydroxyurea at concentrations that blocked proliferation without loss of cell viability. Scrape wounding was then found to induce apoptosis, originating at the wound edge, but subsequently radiating away over a 24 h period to encompass areas not originally damaged. Keratinocyte growth factor 1 inhibited this radial progression of apoptosis in a concentration-dependent manner up to 20 ng per mL with induced migration present at the wound edge. The extent of this rescue was modulated by the concentration of Ca 2 þ prior to wounding. In control wound cultures apoptotic bodies were found in cells adjacent to the wound interface but were greatly reduced in keratinocyte-growth-factor-1-treated groups. Keratinocyte growth factor 1 receptor expression was significantly induced within two to three cell widths of the scraped wound edge, at levels far exceeding those found at the leading edge of a nonwounded epithelial sheet. Tumor necrosis factor a (1-5 ng per mL) or Escherichia coli lipopolysaccharide (10-50 ng per mL) exacerbated scrape-induced early apoptosis (1-4 h), but was largely ameliorated by coculture with keratinocyte growth factor 1. Keratinocyte growth factor 1 protection was associated with a reduction in both caspase-3 activation and cytokeratin-19 loss. Protected wound edges were also associated with the maintenance of e-cadherin expression and induction of b1 integrin and actin stress fiber organization. These results suggest that keratinocyte growth factor 1 may play a role in limiting mechanically induced apoptotic processes at the epithelial wound edge in a manner that is distinct from its proliferative function.
Apoptosis is programmed cell death that occurs during tissue development, maintenance of homeostasis, in response to infection and during wound healing. During wound healing the controlled elimination of damaged tissue proceeds and facilitates the reparative processes of migration, proliferation, and differentiation (Mohan et al, 2000) . Apoptosis can be caused at the wound edge as a result of direct mechanical trauma such as occurs in venous grafts (Kalra and Miller, 2000) , spinal cord injury (Yong et al, 1998; Beattie et al, 2000) , and corneal keratectomy (Wilson, 2000) . After corneal epithelial injury apoptosis eliminates adjacent underlying keratocytes, which are subsequently replenished within 3-4 d through proliferation and migration of residual keratocytes (Wilson et al, 1996; Wilson and Kim, 1998) . Changes associated with cell survival including apoptotic staining (Citron et al, 1997) , cytokine receptor expression (Ellis et al, 2001) , and intracellular signaling events (Dieckgraefe et al, 1997; Goke et al, 1998) are specifically modulated near the edge of experimental incisional wounds. Cytokines are key mediators in controlling the onset and extent of apoptosis. Several such as Fas ligand, interleukin-1a/b (IL-1a/b), and tumor necrosis factor a/b (TNF-a/b) are released from injured epithelium and penetrate into damaged anterior corneal stroma where they bind their respective keratocyte receptors (Wilson et al, 1996; Helena et al, 1998; Wilson and Kim, 1998) . Conversely, epithelial growth factor (EGF) accelerates gastric epithelial healing due to the attenuation of apoptosis (Konturek et al, 2001 ). There appears to be considerable redundancy, however, in the expression of proapoptotic cytokines produced by the corneal epithelium. For example Fas or Fas ligand null mice showed a significant decrease in keratinocyte apoptosis after corneal epithelial wounding, but the overall response remains robust (Mohan et al, 1997) . This suggests the possible involvement of other as yet unidentified cytokines in controlling proapoptotic and antiapoptotic mechanisms.
Several reports have suggested that the cytokine keratinocyte growth factor 1 (KGF-1) modulates cell survival in several tissue types. Transient alveolar epithelial cell hyperplasia induced by KGF-1 pulse treatment in mice is later resolved in the absence of KGF-1 by apoptosis (Fehrenbach et al, 2000) . Conversely, apoptosis induced by vitamin D3 analog treatment of a benign prostate Abbreviations: HB-EGF, heparin-binding epidermal-growthfactor-like growth factor; KGF-1, keratinocyte growth factor 1; KGFr, KGF receptor; LPS, Escherichia coli lipopolysaccharide; MAPK, mitogen-activated protein kinase.
Copyright r 2003 by The Society for Investigative Dermatology, Inc. hyperplasia cell line was partially prevented by administration of KGF-1. KGF-1 protection was associated with its induction of proliferation (Crescioli et al, 2002) . KGF-1 attenuated H 2 O 2 -induced DNA damage in a human alveolar epithelial cell culture, however, by a mechanism that probably did not include increased proliferation, as the percentage of cells in S phase did not change in the treated group (Wu et al, 1998) . Similarly, alveolar damage induced by oxygen exposure in mice was prevented by intravenous KGF-1 treatment. Furthermore, during oxygen administration proliferation was markedly reduced and KGF-1 was unable to return it to normal levels, suggesting that KGF-1 protective function may be independent of its proliferative effect. This study was unable to demonstrate a KGF-1 reduction in the extent of internucleosomal degradation, however, so the antiapoptotic mechanism remained uncertain (Barazzone et al, 1999) . When KGF-1 was given to rats prior to isolation of alveolar epithelial cells into in vitro culture, enhanced repair of monolayer scratch wounds resulted. This process was shown not to include proliferation, but rather KGF-1-induced migration of existing cells to fill the wound void (Atabai et al, 2002) . Similarly, although KGF-1 does not affect endometrial proliferation or menstrual sloughing in rhesus macaques it was found to inhibit apoptosis in the basalis zone (Slayden et al, 2000) . KGF-1 has also been proposed as a survival factor in skin. It was found to be associated with a less terminally differentiated morphology, including reduced envelope cross-linking, membrane transglutaminase activity, and internucleosomal DNA fragmentation. As KGF-1 sustains the proliferation of human keratinocytes after cultures have achieved confluence, however, it was not apparent whether KGF-1 antiapoptotic function in skin was distinct from its proliferative effects (Hines and Allen-Hoffmann, 1996) .
The interrelationship and control of the multiple functions of KGF-1, including proliferation, migration, and antiapoptotic signaling, are yet to be elucidated. Also, the role of KGF-1 in regulating mechanically induced apoptosis in skin has not been extensively studied, nor has a clear distinction been made between its proliferative effect at the wound edge and other cellular effects. In this study we developed a novel in vitro model for studying the effect of KGF-1 in mediating the epithelial wound edge apoptotic processes. Specifically, KGF-1-induced proliferation was inhibited in order that other effects might be discerned and studied independently. Previously, hydroxyurea has been used in cell culture to inhibit proliferation while not itself inducing apoptosis over the experimental period or interfering with other cell behaviors at the wound edge, such as migration (Pukac et al, 1998; Providence et al, 2000) . Here, culture conditions were developed using HaCaT epithelial cells in defined media (Tsuboi et al, 1993) , modified and supplemented with hydroxyurea at concentrations that inhibited KGF-1-induced proliferation but retained cell viability over the experimental time period. Scratch wounds were subsequently created in the quiescent monolayers to mechanically induce apoptosis. The ability of KGF-1 to negate apoptosis was then examined and correlated to KGF receptor (KGFr) expression at the wound edge. Concurrent effects of the inflammatory mediator TNF-a and bacterial virulence factor Escherichia coli lipopolysaccharide (LPS) were also studied. The results suggest that KGF-1 protects wound edge epithelial cells from apoptosis independent of its proliferative effects.
Results
Inhibition of KGF-1 induced proliferation A cell culture model was developed to study the role of KGF-1 in inhibiting wound edge apoptosis independent of its proliferative effects. A defined medium (Tsuboi et al, 1993) was modified (KBM þ ) and used to test the proliferative response of HaCaT epithelial cells to KGF-1 (20 ng per mL), compared to fully supplemented commercially prepared growth medium (KGM). KGF-1 induced the strongest proliferative response at 48 h over the 0 h (horizontal reference line) cell number (Fig 1a) . Pretreatment (24 h) of cultures with increasing concentrations of hydroxyurea (0-8 mM) inhibited proliferation in a concentration-dependent manner until no significant increase in cell number was evident between 4 and 8 mM (po0.05). Increasing KGF-1 concentrations up to 40 ng per mL did not reverse the inhibitory effect of hydroxyurea (data not shown). In no treatment group did cell number fall below that of the 0 h time point. In addition, visual inspection revealed normal morphology and no anoikis. Relative to proliferating cells, (Fig 1b) inhibtion of proliferation at 4.0 mM hydroxyurea was confirmed (Fig 1c) by loss of proliferating cell nuclear antigen immunostaining. No differences in apoptotic bodies were detected between the proliferating (Fig 1d) or hydroxyurea quiesced groups (Fig 1e) . Subsequently, all experiments were carried out in KBM þ , with up to 4 mM hydroxyurea, with or without KGF-1 (20 ng per mL).
KGF-1 protection of mechanically induced wounds Confluent monolayers cultured to quiescence in hydroxyurea (0-4.0 mM) were scratched, washed, and then further cultured with the same medium with or without KGF-1 for 24 h (Fig 2a) . With increasing hydroxyurea concentrations areas of lateral scraping were found to exhibit a zone of apparent cell death characterized by a flattened cell morphology (Shao et al, 1998) and reduced staining intensity (arrow 1). KGF-1-treated cultures were found to be partially protected from scrape-induced cell death (arrow 2). Experiments were also performed with cultures pulsed with elevated Ca 2 þ (0.3 mM, 24 h) prior to scratch wounding ( Fig 2b) as previous reports had shown this to induce KGFr expression in keratinocytes (Capone et al, 2000) . Onset of mechanically induced cell death began at higher hydroxyurea concentration (arrow 3). Moreover, KGF-1-induced protection was found to be almost complete (arrow 4). Areas of scrape-induced G1 arrest morphology (arrows) with cells tightly apposed to the substrate were evident radiating away from the wound edge at 18 h, whereas KGF-1-treated samples showed apparently normal morphology along the wound edge, with some migration (Fig 3a) . Samples stained with Hoescht 33258 revealed the presence of distinct late apoptotic body associated DNA condensation most intensely along the control scrape wound edge (Fig 3b) . KGF-1-treated samples showed a reduction and even elimination of nuclear condensation. Control scratch samples immunostained for KGFr showed strong focal labeling within 1-3 cell widths of the wound edge at 18 h (Fig 3c) , whereas none was detectable at 0 h (data not shown). Also, after 18 h of KGF-1 stimulation reduced receptor labeling, consistent with internalization was identified (Fig 3c) . Non-scraped advancing monolayers were also stained for KGF-1 receptor levels and found likewise to show elevated expression at the edge of the advancing sheet, albeit at levels lower than those found in the wounded cultures. As in scrape-wounded cultures, KGF-1 treatment decreased receptor labeling (Fig 3d) .
KGF-1 inhibition of early and late apoptosis A two-stain system was used to distinguish increased cell membrane (early apoptosis) and nuclear (late apoptosis) permeability (Fig 4) . Monolayers (4.0 mM hydroxyurea) were scratch wounded across the entire surface on a 1 mm grid as previously described (Ellis et al, 2001) to generate a uniform wound (Fig 4a) . Harvested cells were analyzed by flow cytometry and dot blots (FSC vs SSC) used to define intact viable (R1) populations versus cellular debris (R2) (Fig 4bd ). R2 was consistently below 3.9% of total cell count in all test groups. R1 populations were further analyzed for staining intensity (Fig 4e-g) . Autofluorescent (nonapoptotic) cells from nonscratch cultures were used to define a quadrant for statistical analysis (Fig 4e) . Relative to this, 46.46% of R1 cells from scratch wound cultures shifted into early (FL1, green) and 3.67% into late (FL2, red) apoptosis by 8 h (Fig 4f) . KGF-1 treatment significantly reduced the early (26.01%) and almost eliminated the late (0.41%) apoptotic shift (Fig 4g) . Time course analysis showed that KGF-1 reduction in the loss of viable cells was concentration-dependent between 5-20 ng per ml over the test period ( Fig 5a) with a corresponding decrease in the shift to early apoptosis (Fig 5b) while late apoptosis groups were unchanged within 4 h (Fig 5c) . Control wound cultures showed a reduction of viable cells within 1 h which was exacerbated by coculture with either bacterial virulence factor LPS or the human inflammatory mediator TNF-a ( Fig  6a) . KGF-1 at 20 ng per ml fully rescued 1 ng per ml TNF-a but was less effective at the higher TNF-a concentration (Fig 6b) . KGF-1 was also relatively effective in rescuing 10 ng per ml LPS exacerbated apoptosis with little rescue at the higher concentration (Fig 6c) .
Figure 1
Hydroxyurea inhibits KGF-1-induced epithelial keratinocyte proliferation. Subconfluent HaCaT epithelial cells were cultured to quiescence for 24 h in defined basal medium (KBM þ ) and various concentrations of hydroxyurea (0-8.0 mM). Samples were washed and further cultured for 48 h at the same hydroxyurea concentrations in either KBM þ , KBM þ with 20 ng per mL KGF-1 (KGF-1), or commercial growth medium (KGM). Groups were colorimetrically assayed for cell number (mean AE SD; n ¼ 4) at 0 h (horizontal reference line) or after 48 h. Asterisk indicates no significant difference between 0 h and 48 h KGF-1-treated samples (po0.05). Separate groups were stained with proliferating cell nuclear antigen either (b) before quiescence, or (c) after 48 h quiescence in KBM+/4.0 mM hydroxyurea. Other cultures were stained with Hoescht 33258 to detect apoptotic bodies (d) before quiescence, or (e) after 48 h quiescence in KBM+/4.0 mM hydroxyurea. Representative of three independent experiments.
Figure 2
KGF-1 inhibits scrape-wound-induced cell death. Confluent monolayers of HaCaT cells were cultured to quiescence in defined medium (KBM þ ) with increasing concentrations of hydroxyurea (0-4.0 mM) and 0.1 mM Ca 2 þ for 24 h (a). Some samples were further pulsed at 0.3 mM Ca 2 þ for an additional 2 h (b). Samples were then scraped, washed, and further cultured for 24 h in fresh KBM þ with the same hydroxyurea concentrations all at 0.1 mM Ca 2 þ , with or without KGF-1 (20 ng per mL). Samples were fixed and stained with crystal violet and then analyzed for areas of reduced staining indicating cell death (arrows).
Representative of three independent experiments.
KGF-1 antiapoptotic signal transduction Grid-scratched samples were subjected to western analysis to detect inactive (32 kDa) and active (19 kDa) levels of caspase-3, a terminal effector in apoptosis. In control scratch cultures (Fig 7a) activation of caspase-3 was discernible at 4 h and increased over 24 h. In KGF-1-treated cultures (Fig 7b) , active caspase-3 was minimal until 16 h and at 24 h was still clearly less than controls. Degradation of intermediate filaments, a late apoptotic event associated with caspase-3 activity (Dohmoto et al, 2001) , was also tested (Fig 7c) . Permeabilized cell suspensions from grid scratch cultures were stained with antibodies to cytokeratin-8, cytokeratin-18, and cytokeratin-19 and analyzed by flow cytometry. Cytokeratin-19 was found to be highly expressed in unscratched cultures (0 h) and rapidly reduced (69.62%)
Figure 3
KGF-1 antiapoptotic effect acts specifically at the scrape wound edge. Nonproliferating, quiescent HaCaT epithelial monolayers (KBM þ , 4.0 mM hydroxyurea) were scrape wounded (a-c), and then cultured for an additional 18 h in the same medium (Control) or supplemented with KGF-1 (20 ng per mL). A nonwounded, subconfluent, advancing epithelial margin was included in the treatment groups (d). Samples were fixed and stained with (a) crystal violet to detect cell death radiating from the wound edge (arrows), (b) Hoescht 33258 to detect apoptotic bodies, or (c), (d) anti-KGF-1 receptor antibody. Representative of 10 fields from three independent experiments. Figure 4 KGF-1 inhibits early and late apoptotic events in mechanically induced wounds. Nonproliferating, quiescent HaCaT epithelial monolayers (KBM þ , 4.0 mM hydroxyurea) were scrape wounded across the entire surface on a 1 mm grid (a). Samples were washed and further cultured for 8 h in the same medium with or without KGF-1 (20 ng per mL). Harvested cells were processed with a two-color apoptosis assay and flow cytometry (b-d) to detect intact cells (R1), which were further analyzed with a two-color apoptosis assay and flow cytometry (e-g). Viable (autofluorescent) cell populations that did not stain were used to define a quadrant to classify shifts in staining to early apoptotic (FL1, green) or late apoptotic ( radiating from the wound edge (Fig 8) . In KGF-1-treated samples, e-cadherin was found to be strongly expressed at the cellÀcell junction right to the wound edge (Fig 8a) . b1 integrin induction by KGF-1 was seen to be greatest within cell populations near the wound edge (Fig 8b) . Likewise, b actin was strongly induced in KGF-1-treated samples (Fig 8c) and distinct stress fibers were visible at the wound margin (arrows).
Discussion
Wound healing involves the integral and interdependent processes of apoptosis, proliferation, migration, and differentiation. Apoptosis appears to lead wound healing in that it determines which cells must be eliminated, in a sense defining the extent of the tissue that must be regenerated. Following epithelial wounding KGF-1 is rapidly and strongly expressed. After wounding in mice KGF-1 mRNA is rapidly upregulated: 9-fold at 12 h, 160-fold at 24 h, and 100-fold at day 7. Increased expression was localized by in situ hybridization to dermal cells below the wound and at the wound edge (Werner et al, 1992) . Similarly, in humans reepithelialization of skin wound KGF-1 transcript and protein levels increased 8-10-fold and 2-3-fold, respectively (Marchese et al, 1995) . Recent mathematical modeling has suggested that normal skin KGF-1 levels are above those optimal for cell proliferation, however, and thus further induction of KGF-1 may be related to other early events important to wound healing (Wearing and Sherratt, 2000) . One such possibility is limiting apoptosis. Several studies have shown a cell protective role for KGF-1 in alveolar epithelia (Wu et al, 1998; Barazzone et al, 1999; Fehrenbach et al, 2000; Atabai et al, 2002) , prostate (Crescioli et al, 2002) , endometrium (Slayden et al, 2000) , and skin (Hines and Allen-Hoffmann, 1996) . Overall, these studies underline the importance of studying the role of KGF-1 in controlling apoptosis independent of its proliferative and migratory effects. This study presents evidence for an antiapoptotic KGF-1 function at the wound edge in human epithelia that does not involve inducing proliferation. Cells located at the wound edge appear to play a specific role in detecting and controlling the wound response. Previously, it was reported that scrape-wounding rat intestinal epithelial cell monolayers caused a rapid increase in levels of heparin-binding epidermal-growthfactor-like growth factor (HB-EGF) mRNA, with a maximal response at approximately 1 h. The HB-EGF transcripts were primarily localized to within a few cell widths along the wound edge. HB-EGF mRNA expression was preceded by cell survival p42/p44 mitogen-activated protein kinase (MAPK) activation, suggesting the involvement of as yet unidentified upstream activators (Ellis et al, 2001) . The mechanism of wounding seems to affect the extent of the apoptotic response at the wound edge. In experimental wounds of mouse skin it was found that the apoptotic index in electrocautery wounds was higher than in laser-induced wounds, but the opposite was the case for KGFr expression, which was greater in laser wounds than in electrocautery wounds (Fukuda et al, 2002) . This suggests that specific types of wound mechanisms are most effective at upregulating KGFr expression, and furthermore that this expression may confer protection against apoptosis. This study detected the expression of KGFr at increased levels within a few cell lengths of the scratch wound edge and at levels greater than those observed at the edge of an unwounded advancing monolayer. Furthermore, KGF-1 protection was enhanced after preincubation at elevated Ca 2 þ consistent with a previous study that showed that such treatment induced KGFr expression (Capone et al, 2000) .
Once an apoptotic response has been initiated at the wound edge certain signaling mechanisms can be detected radiating away. Previously, it was found using mouse motor neurons in culture that sister cells undergo apoptosis adjacent to those at the ''epicenter'' of the scratch injury. This was restricted only to those neurons proximal to the scratch, early after injury, suggesting that a ''death signal'' or wave of apoptosis is produced by injured cells moving outward from the injury and not by factors diffusing from the wound edge cells (Citron et al, 1997) . Signaling processes have also been detected radiating from scrape-wounded intestinal epithelial cell cultures. Specifically, localized activation of the ERK MAPK was detected several cellwidths from the wound border in cells not originally damaged (Dieckgraefe et al, 1997; Goke et al, 1998) . Similarly, we found that cell death originating at the scrape wound edge radiated laterally over time. This was largely prevented by KGF-1 treatment at the time of wounding, however. The transduction of apoptotic signal modulated by KGF-1 is yet to be elucidated. One candidate for involvement may be the cellÀcell adhesion molecule e-cadherin. Loss of its expression has been assayed in mouse excisional and incisional wounds radiating up to 500 mm away from the wound edge by 48 h (Kuwahara et al, 2001) . Consistent with this, we found e-cadherin expression at cellÀcell contacts was reduced adjacent to control wound edges but strongly expressed in KGF-1-treated samples. As well, cytokeratin degradation is involved in the apoptotic process (Dohmoto et al, 2001) . Conversely, antiapoptotic tyrosine phosphorylation of cytokeratin 19 is mediated via the p38 MAPK pathway (Feng et al, 1999) . This study found the scrape wound associated with rapid and severe loss of cytokeratin-19, associated with caspase-3 activation, which was largely reduced by KGF-1 treatment.
Mechanical induction of apoptosis appears to be mediated via the cytoskeleton. Apoptosis can be induced in vascular smooth muscle cells by mechanical stretch and is accompanied by sustained activation of c-Jun and p38 MAPK as well as clustering of TNF-a receptor 1 and its association with TNF-a receptor-associated factor 2 (Sotoudeh et al, 2002) . Similarly, cyclic stretch of alveolar type II cells induces the onset of apoptosis (Edwards et al, 1999) . During tidal breathing this cell type may be protected against apoptosis by protective factors present in the lung, including KGF-1 (Chelly et al, 1999; Edwards et al, 2000) . Cells exposed to high amplitude static tensile forces applied through integrins undergo apoptosis. This occurs, in part, due to membrane depolarization resulting from mechanically distorting the cell. Thus the tensile strength of the cytoskeleton is an important modulator of a cell's susceptibility to mechanically induced apoptosis (Kainulainen et al, 2002) . KGF-1 has been shown to induce stress fibers in a human prostate epithelial cell line via the p38 MAPK pathway (Mehta et al, 2001) . Also, we have previously shown that KGF-1 induced b1 integrin clustering in association with organization of cytoskeletal stress fibers and increased attachment avidity to extracellular matrix in normal human epithelial keratinocytes in vitro (Putnins et al, 1999) . Here we show that both b1 integrin and b actin are induced at the wound edge by KGF-1. Increased attachment to extracellular matrix following KGF-1 treatment has also been shown in alveolar epithelial cells in vitro. This suggests that a possible KGF-1 antiapoptotic function may involve stabilizing integrin/cytoskeleton organization. The possible role of p38 MAPK pathway signaling is worthy of further investigation. It has been generally characterized as proapoptotic (Xia et al, 1995; Kummer et al, 1997) . Its role in cytokeratin-19 protection and stress fiber induction, however, may be contradictory.
LPS, a component of the outer membrane of all Gramnegative bacteria, can induce apoptosis in human epithelial cells by a mechanism that requires either mRNA or protein synthesis (Choi et al, 1998; Bannerman et al, 2001) . In addition to a direct role, LPS stimulates the production of TNF-a, a proinflammatory cytokine that can also induce apoptosis (Thijs et al, 1996) . TNF-a and LPS treatment of human gingival fibroblasts strongly induced KGF-1 protein expression. Apoptosis is mediated by death receptors belonging to the TNF receptor family, including Fas (CD95), TNFR1, TRAMP, TRAIL, TRAIL-R2, and DR-6 (Wehrli et al, 2000) . LPS-induced apoptosis can be blocked by pretreatment with anti-TNF-a antibody suggesting that its action is mediated through TNF-a and its interaction with TNFR1 (Yokochi et al, 1998) . It has been shown that KGF-1 protects murine hepatocytes from LPS-induced TNF-mediated apoptosis (Senaldi et al, 1998) . Conversely, membrane receptor FAS transfection induces apoptosis that KGF-1 could not rescue (Freiberg et al, 1996) . The TNFR1 apoptotic signal pathway is mediated through caspase-8 to the effector caspase-3, which in turn cleaves multiple cellular proteins, resulting in cell death (Rath and Aggarwal, 1999) . This study shows that addition of either TNF-a or LPS to the scratch wound model exacerbated the rapid woundinduced shift to early apoptosis but that KGF-1 could largely ameliorate the early effects. Activation of nuclear factor kB has been found to be a key mechanism by which cells are rendered resistant to TNF-a-induced apoptosis (Beg and Baltimore, 1996; Van Antwerp et al, 1996) but the role of KGF-1 in nuclear factor kB activity is unknown. Also, the mechanisms that couple p38 MAPK activity to the TNF pathway are ambiguous (Baud and Karin, 2001) ; thus this connection may also be worthy of further investigation, as this study implicates both in KGF-1 protection against mechanically induced apoptosis.
In conclusion, an important role for KGF-1 in wound healing has been established through its early and large induction at wound sites, and its ability to induce epithelial proliferation, migration, and an antiapoptotic function. This study demonstrates a model for studying mechanically induced apoptosis at the epithelial wound edge. Using this model KGF-1 was found to inhibit wound edge apoptosis without the participation of proliferation. KGF-1 antiapoptotic protection was found to be associated with elevated b1 integrin expression, stress fiber formation, a short-term reduction in cytokeratin-19 loss, which was associated with reduced caspase-3 activation, and a longer-term cytokeratin-19 induction.
Materials and Methods
Cell culture Cells from the epidermal keratinocyte cell line HaCaT, a generous gift from Dr Hubert Fusenig, German Cancer Center, Heidelberg, Germany, were maintained in a-modified Eagle's medium/10% fetal bovine serum (Gibco, Rockville, MD). All reagents were purchased from Sigma (St Louis, MO) unless otherwise stated. A defined medium (Tsuboi et al, 1993) modified for experiments (KBM þ ) included keratinocyte basal medium (KBM, Clonetics, San Diego, CA), antibiotics (100 mg per mL streptomycin sulfate, 100 U per mL penicillin), antimycotic (amphotericin B, 0.25 mg per mL), 5.0 mg per mL insulin, 0.5 mM hydrocortisone, 0.1 mM ethanolamine, 0.1 mM phosphoethanolamine, and 10 mg per mL fibronectin. Some experiments were performed in KGM (Clonetics) fully supplemented with the manufacturer's growth additives. Calcium concentrations were varied between 0.1 and 0.3 mM.
Proliferation assay Cells were plated (5 Â 10 3 per well) in 96-well titer plates, allowed to attach overnight in KGM, and then further cultured to quiescence in KBM þ for 8 h. Cells were then switched to KGM or KBM þ with 0-40 ng per mL KGF-1 (Upstate Biotechnology, Lake Placid, NY) for an additional 24 h. All media were supplemented with varying concentrations of hydroxyurea (0-8 mm). At 24 h, cultures were assayed for viable cell number using a tetrazolium salt assay (CellTiter 96, Promega, Madison, MI) according to the manufacturer's instructions. Relative cell numbers were assayed colorimetrically at 0 and 48 h using an optical density plate reader (Titertek, Huntsville, AL) at 570 nm. To demonstrate statistical significance of enhanced cell proliferation or reduced apoptosis, the unpaired Student's t test was applied.
Scrape wound Cells plated (5 Â 10 4 per well) in 24-well culture plates or on glass coverslips were grown to dense confluence in KGM and then further cultured to quiescence in KBM þ for 8 h. Culture surfaces were scraped once across the point of maximum diameter with a transfer pipette, and washed with KBM þ . Fresh KBM þ supplemented with various concentrations of hydroxyurea (0-4 mM) with or without KGF-1 (20 ng per mL) were added and cultures were incubated an additional 18-36 h. Cultures on plastic were then washed with phosphate-buffered saline (PBS), fixed with 4% formaldehyde, 5% sucrose, PBS, stained with 0.5% crystal violet in 20% methanol, and washed. Cultures on glass were terminated in Carnoy's fixative (glacial acetic acid:methanol, 1 : 3) and stained with Hoescht 33258/Hank's balanced salt solution. Images were digitally recorded with either tungsten (plastic) or ultraviolet (glass) illumination.
Flow cytometry Cells plated (2 Â 10 5 ) in 35 cm culture dishes were grown to dense confluence in KGM and then further cultured to quiescence for 8 h in KBM þ /4.0 mM hydroxyurea. Culture surfaces were then scratched with a fragment of a fine tooth hair comb in a 1 mm grid pattern covering the entire surface as previously described (Ellis et al, 2001) . Samples were washed and incubated in the same medium with various concentrations of KGF-1 (0-20 ng per mL), TNF-a (1-5 ng per mL), or LPS (10-50 ng per mL) for different periods (1-8 h). Cells were then trypsinized, incubated with trypsin neutralizing solution (Clonetics), pelleted, and resuspended in PBS. Samples were treated with Vybrant Apoptosis assay kit (Molecular Probes, Eugene, OR) according to the manufacturer's instructions. Cells (2 Â 10 4 ) were assayed for early apoptosis (green fluorescence at 488 nm (FL1)) and late apoptosis/necrosis (red fluorescence at 546 nm (FL2)) by flow cytometry, and dot blots of FL1 versus FL2 were subjected to quadrant analysis using Cell Quest software (Becton Dickinson, Franklin Lakes, NJ). In other experiments resuspended cells were stained with anti-cytokeratin-8, anti-cytokeratin-18, or anti-cytokeratin-19 primary antibodies (Chemicon International, Temecula, CA), washed, stained using an Alexa-488 (Molecular Probes) secondary antibody, and then subjected to flow cytometry at 488 nm. Samples stained only with secondary antibody were included to detect autofluorescence.
Immunostaining Experiments performed on glass coverslips as above were fixed (2% paraformaldehyde, 5% sucrose, PBS), permeabilized (0.5% Triton X-100, PBS, 4 min), and then washed five times in PBS. Cells were quenched (fresh 0.05% NaBH 4 , PBS) and blocked (3.0 mg per mL bovine serum albumin (BSA), 1 mg per mL glycine, PBS, 30 min). Cultures were then incubated in the blocking solution with primary antibody for either KGF receptor (Bek C-17; Santa Cruz Biotechnology, Santa Cruz, CA), b1 integrin, or e-cadherin (Chemicon) or proliferating cell nuclear antibody (DAKO, Glostrup, Denmark) . overnight at 41C. Samples were washed five times (1 mg per mL BSA, PBS) and then incubated in wash solution with 1:50 dilution of RITC secondary antibody (Boehringer, Mannheim, Germany) for 1 h at room temperature in the dark. Cultures were washed twice with PBS and then mounted in Vectashield (Vector Laboratories, Burlington, CA). In other experiments, fixed and blocked samples were stained with Bodipy-phallocidin (Molecular Probes), then avidly washed in PBS, and mounted. Preparations were digitally recorded under laser epifluorescence at 488 nm.
Western analysis Comb scratch experiments were performed as above at various time points. Cultures were extracted with polyacrylamide gel loading buffer, sonicated 3 Â 1 s, and then centrifuged for 30 min at 13,000 Â g. Denatured, soluble protein (40 mg) was fractionated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and blotted to Immobilon-P membranes (Millipore, Bedford, MA). The filter was blocked at room temperature for 1 h in 5% nonfat milk powder in PBS Tween-20 (25 mM TrisÀHCl, pH 8.0, 144 mM NaCl, 0.05% Tween-20). The filter was washed three times, incubated for 2 h with 2 mg per mL primary antibody (caspase-3, Chemicon), blocked in 0.1% BSAÀPBS, washed, and incubated for 1 h at room temperature with 1:5000 horseradish peroxidase secondary antibody (Amersham Pharmacia, Little Chalfont, UK) in blocking buffer. Filters were then washed five times PBS Tween-20. Antigen was detected using enhanced chemiluminescence kit as per the manufacturer's instructions (Amersham Pharmacia Biotech). Relative change in signal amount was calculated by comparing scanned western images to Ponceau stained filters using NIH Image 1.62 (NIH, Bethesda, MD).
